Using the non equilibrium Green functions formalism we propose a study of the electronic excitation and collection in nano-structured intermediate-band solar cell. We demonstrate that a thin tunnel barrier between the nano-objects and the host material is beneficial for both current and voltage. For the current, the confinement generated by such a thin barrier favors the intersubband optical coupling in the nano-objects and then improves the excitation-collection trade-off. We also show that a broaden density-of-state in the nano-objects increases the radiative recombination and then degrades the voltage. Using a detailed balance model we propose a broadening factor for this V oc degradation which decreases when a tunnel barrier enhances the life-time in the nano-objects.
I. INTRODUCTION
By introducing an intermediate band (IB) in a wide bandgap solar cell, the aim is to increase the short-circuit current I sc without reducing the open-circuit voltage V oc [1, 2] .
The current increases as the IB acts as a built-up converter to generate an electron-hole pair with two low-energy photons. To limit detrimental effect voltage drop, the IB must be electrically isolated from the contacts of the cell so that the recombination is still controlled by the wide bandgap. This theoretically allows to exceed the Shockley-Queisser (SQ) limit [3] with a V oc controlled by the wide bandgap while low-energy photons generate electronhole pairs.
Yet, practically, this concept has not yet resulted in a cell exceeding the SQ limit [4, 5] .
Worse, IB solar cell (IBSC), generally based on nano-objects, offers characteristics that are often lower than that of the same cells without IB [6] . The small increase of current is not enough to catch up with the degradation of the V oc . It is difficult to obtain a splitting between the Fermi levels of the IB and the contact (usually the n-type contact) because the electrons easily relax from the conduction band of the wide bandgap material to the IB. In other words, the IB is not well isolated from contacts and V oc is controlled by recombination across a narrow bandgap.
Furthermore the increase of current remains low as it is difficult to have simultaneously an efficient photon absorption and a fast collection of the excited electrons. Indeed, if the IBSC is based on nano-objects, the electrons in IB are confined in localized states. The optical transition between the IB and the conduction band is then efficient if the excited state is also localized. This improves the wave-function overlap and the corresponding intraband (intersubband) transition [7] . However, if the excited electron is strongly confined in the nano-object, it cannot reach in the conduction band to be collected. It will finally relax by emitting photon and/or phonons. As a result the choice of the coupling between the excited state of the nano-objects and the conduction band of the wide bandgap is crucial to have a good excitation-collection trade-off. In case of bound-to-bound absorption with a thick tunnel barrier the absorption is high, but the electrons collection is limited. In a boundto-continuum absorption without tunnel barrier the collection is fast but the absorption is low. In this letter we propose a comprehensive analysis of this problem. We will see that a thin tunneling barrier between the nano-object and the wide bandgap material offers a good excitation-collection trade-off. This permits to optimize the current. More unexpected, we will show that such a coupling also modifies the photon emission and then the V oc .
II. MODEL AND SYSTEM
This theoretical study is based on a quantum electronic transport model in the non equilibrium Green functions (NEGF) framework. This model allows to consider the quantum effects such as the confinement, the tunneling, the broadening due to the coupling and the scattering with the photons and the phonons. Nevertheless, except when this will be explicitly stated, we will not consider scattering with phonons. Such a radiative limit permits to facilitate the understanding of the results. The model used is described in Ref. [8] but as suggested in Ref. [9] we now consider the non-local character of the electron-photon interaction which guarantees compliance with the selection rules.
The modeled system is schematically shown This behavior, which corresponds to the relaxation from conduction band to IB, generates a negative current which is all the more important as the right Fermi level µ R is high. In an IBSC the aim is to have a positive current balance (more excitations than relaxations) while having a higher Fermi level in conduction band (µ R ) than in IB (µ L ). Our system therefore behaves like an intraband solar cell under bias qV = µ R − µ L and characterized by a current I sc and a voltage V oc .
In the following we compare a bound-to-bound system in which a tunnel barrier is assumed between the QW and the right contact to a bound-to-continuum system in which we do not assume any barrier. While for an interband transition the definition of the energy gap seems obvious, this is not so trivial for an intraband-one. We defined the gap as the energy of the maximum absorption considering a black-body at 6000 K for the incident photon flux.
For all systems assumed in this work, the gap E g is the same. We chose E g = 1 eV which is large compared to what is generally considered in IBSC. This choice is based on a study conducted elsewhere [10] which shows that with a ratchet mechanism [6] of 0.7 eV, such a value is optimal in the case where the absorption is rather narrow as expected in intraband system. The other parameter is the effective mass which equals 0.665 (in free electron mass).
Finally we chose to treat a QW since our one-dimensional model is well adapted to such a system. However, the physical behaviors such as confinement and absorption are very close in case of quantum dots. Moreover, if it is straigthforward to add a barrier between a QW and a contact, it is also feasible in case of quantum dots assuming a core-shell architecture [11] or dots embedded in specific material [12] . If in the present study we assume a QW, the conclusions can thus be easily extended to the quantum dots.
III. RESULTS

A. Current and voltage with the quantum model
The band diagrams and the local-DOS of the two systems are represented in Fig. 2 . In both the well thickness is 3.2 nm. In one case, the excited state is a localized state separated from the right contact by a 2 nm-thick tunnel barrier (Fig 2a) . In this system, called boundto-bound (B-B), E c equals 0.88 eV. In the other system the electrons are excited in an energy continuum directly connected to the right contact (Fig 2b) . In the latter case, called bound-to-continuum (B-C), in order to have E g = 1 eV, E c is reduced to 0.855 eV. On Fig. 2 the LDOS clearly shows that in B-B the electrons are excited in a localized and narrow quantum state. In B-C, despite the absence of barrier, we do not obtain a true continuum but rather a strongly broadened state. Indeed, even without barrier, the QW involves quantum reflections and then interferences of the electronic wave-function.
Regarding the results Fig. 2 , I sc and V oc are both higher in B-B. In order to better understand this results, Fig. 3 shows the electronic current versus the photon energy for the two systems. The absorption spectra corresponds to the positive electronic current while the emission is the negative component. The absorption in B-B is narrower since, as shown in Fig. 2 , the excited state is thinner. At same time this absorption is much higher than its to have E g = 1 eV, the current is largely higher than in the original B-C device, while V oc is quite similar. Such a current increase is due to a better excitation-collection trade-off.
However the current remains lower than in B-B. Moreover, the fact that in B-C and B-Q V oc is close and lower than in B-B, confirms that V oc is not simply controlled by E c . More generally such results suggest that a narrow excited state is better for both I sc and V oc .
In the following, we propose to use a simpler model in order to verify and to explain this unintuitive feature. 
B. Broadening factor in the detailed balance
We assume a detailed balance model where absorption and emission are calculated assuming a black-body distribution for the photons and a Lorentzian shape for the electronic DOS. Indeed, if we assume an homogeneous broadening due to contact (or others), the DOS spectral shape of states in the QW is given by a Lorentzian distribution [7] . If the tunneling between the excited state and the contact is low (large life-time τ ) the width Γ of the Lorentzian is low following Γ = /τ . We then apply this to the DOS of the exited state while, in order to simplify the model, the ground state is assumed as a Dirac function. We finally calculate the current, the emission and the voltage as:
with the black-body distribution
and the electronic joined DOS
where Γ is the width, E g the energy of the maximum of the Lorentzian, balance model does not take into account the excitation-collection trade-off, we obtain both I sc and V oc larger with a thinner state. As shown Fig. 5 , I sc and V oc are even more degraded than the DOS is high in the QW at the band-edge of the contact (L(E c , Γ, E g )). Indeed, a large L(E c , Γ, E g ) means that a large proportion of excited electrons cannot be collected since their energy is lower that the band-edge of the contact. This degrades the current.
A large L(E c , Γ, E g ) also means a large electronic injection from the contact at low energy where the emission is very efficient. As already observed Fig. 3 , this reduces the bandgap energy of the photon emission and then degrades the voltage. Such a behavior, as well as for example the reduction of the bandgap by tunneling in ultra thin cells [13] , shows that the electronic transport modifies the optical properties of nanoscale devices. With the detailed balance model we finally obtain this approximate expression for V oc :
with
The two first terms in the expression of V oc are the well-known Carnot and Boltzmann factors [14, 15] while the third one is relative to an original broadening behavior that we call the broadening factor. The origin of this degradation, as already observed in bulk materials [16, 17] , is the mismatch between the absorption and the emission bandgaps. This factor is generally no considered in detailed balanced [14] since the absorption is assumed sharp at the bandgap. In intraband system this broadening behavior degrades both I sc and V oc when the excited state is too thick like in the bound-to-continuum configuration.
Phonon emission is expected to favor the band-edge photon emission and then to degrade V oc . With our NEGF model we show that such scattering with polar optical phonon is stronger in the continuum than in the QW (and is expected to be even weaker in quantum dot). The consequence is that scattering degrades V oc in B-C (-90 mV) while this degradation is not significant in B-B. This result suggests that scattering with phonon increases the broadening factor. However this point deserves further investigations which cannot be conducted in the present work due to huge numerical burden. 
C. Optimization of the tunnel barrier
The broadening factor may suggest that in the B-B system better characteristics are expected if we assume a thick tunnel barrier between the nano-object and the contact.
Indeed, due to strong tunnel reflection, life-time increases and then broadening of the excited state decreases. Fig. 6 shows the evolution of both I sc and V oc versus the tunnel barrier thickness t B in the B-B system (remember that in Fig. 2a , t B =2 nm). For t B lower than 2 nm, the reduction of V oc is due to the broadening factor. At the same time the larger current with the ultra-thin barrier suggests another behavior like a reduction of the tunnel reflection improving the excitation-collection trade-off. This is confirmed for the thick barriers where I sc and then the collection is strongly degraded by such a reflection. With a barrier thicker than 3 nm the excitation-collection trade-off is strongly degraded. In the same time, V oc no more increases for barrier thicker than 2 nm since the excited state is thin enough (≤ 5 meV) to cancel the broadening factor. For an optimal tunnel barrier both broadening factor 
IV. CONCLUSION
We have shown that a broadening factor degrades the voltage in intraband system by improving the photon emission. To avoid this degradation a bound-to-bound system in which the electrons are collected by tunneling is well adapted. Moreover, such a thin tunnel barrier improves the excitation-collection trade-off due to a higher wave-function overlap.
On the other hand a too thick tunnel barrier degrades this excitation-collection trade-off due to strong tunnel reflection. It is then necessary to choose a tunnel barrier thick enough to cancel the broadening factor and to improves the wave function overlap, but, thin enough to preserve the excitation-collection trade-off. We finally propose an equation allowing to calculate the thickness of the optimal barrier versus the effective mass and the tunnel barrier offset.
